We propose an atomistic model to describe extended {311} defects in silicon. It is based on the combination of interstitial and bond defect chains. The model is able to accurately reproduce not only planar {311} defects, but also defect structures that show steps, bends or both. We use molecular dynamics techniques to show that these interstitial and bond defect chains spontaneously transform into extended {311} defects. Simulations are validated by comparing with precise experimental measurements on actual {311} defects. The excellent agreement between the simulated and experimentally derived structures, regarding individual atomic positions and shape of the distinct structural {311} defect units, provides strong evidence for the robustness of the proposed model.
I. INTRODUCTION
Defect engineering in semiconductors is a topic of great interest. Ion implantation and annealing are key processing steps used for the fabrication of PN junctions within the manufacturing industry of Si and Ge electronic devices. Besides the introduced dopant atoms, excess self-interstitials above equilibrium conditions are generated in the lattice. They form aggregates that evolve through an Ostwald ripening process: larger defect clusters grow at the expense of single interstitials freed from smaller and less stable agglomerates.
1 At sizes of several hundred interstitials these aggregates become visible in transmission electron microscopy (TEM) images, they show regular atomic structures, and are generally known as extended defects. 2, 3 The type of defects which can be observed depends on the implantation and annealing conditions. Most common in Si are the so-called {311} defects, the {111} rodlike defects, and the Frank and perfect dislocation loops, which lie in a {111} plane. 4, 5 While not common in Si, extended planar {001} aggregates have also been observed in Ge. 2 Some of these defects show photoluminiscent signals and have been proposed to fabricate optical emitters compatible with the standard and well-established integrated-circuit technology.
6,7
Among interstitial-rich extended defects, {311} defects have received much attention because they are formed during implantation and annealing conditions relevant to Si processing. They act as a reservoir of interstitials that are slowly released during subsequent thermal treatments causing the transient enhanced diffusion (TED) of interstitial-diffusing dopants. 8 The atomic structure of {311} defects was determined by Takeda using TEM. 9 It consists of large interstitial chains along the 110 direction, packed together along the {311} plane, which gives this defect its name. Its atomic model can be described as a sequence of structural units of three types: I units, which are two tiny rods of hexagonal Si containing the interstitial 110 chains; O units, 8-member rings with no excess nor deficit of atoms with respect to perfect lattice; and E units, 7-member rings at the defect boundaries.
10
These units also show five-member rings which act as an interface between the {311} defect and the surrounding perfect crystal. Usually ion implantation and annealing lead to the formation of long and narrow {311} defects, while high-dose electron irradiation produces much wider structures. 3, 9 Apart from the perfectly planar {311} defects, structures with steps and bends have also been observed.
11
Due to the technological relevance of extended {311} defects, it would be desirable to 3 have an atomistic model, simple enough but with predictive capabilities, able to reproduce the different structures they can adopt. A number of theoretical investigations on the {311} defect based on first-principles and tight-binding calculations, regarding its structure, energetics, and induced strain fields, have been published. 10, [12] [13] [14] [15] In all these studies the atomic configurations of {311} defects were used as an input. Consequently, these calculations are not able to explain how extended {311} defects generate from simpler agglomerates. Creation of {311} defects as the result of the coordinated generation of long interstitial chains and switching of atomic bonds, as it has been proposed, 10,15 seems rather unrealistic.
In a previous paper we proposed an atomistic model for the description and formation of planar {311} defects based on chains of self-interstitials and bond defects (BDs). 16 By the use of classical molecular dynamics (MD) techniques, we showed that these precursor chains are metastable and spontaneously transform into planar {311} defects when annealed at high temperatures. The only assumption in our simulations was the exact nature of the precursors, based on the fact that chains of self-interstitials and BDs in a Si lattice naturatlly follow a {311} plane. Recently we compared the simulation results with experimental measurements obtained by high-angle annular dark-field (HAADF) scanning TEM (STEM)
images. 17 Agreement between experiment and theoretical atomic positions was better than ± 0.05 nm. It was also found that the shape of five-, six-, seven-and eight-member rings in {311} defect units varies as a function of position within the defect, and that was perfectly reproduced in the simulations. In the present paper we extend the validity of our atomistic model to also reproduce stepped and bent (v-shaped) {311} defects. Experimental characterization of these defects is also carried out in order to compare and validate the model.
The paper is organized as follows. In Sec. II we briefly describe the basis of our atomistic model. The experimental setup used to generate, identify and characterize extended {311} defects with steps and bends is described in Sec. III. In Sec. IV we show our simulation results reproducing the particular structures observed in the experiments, with a detailed comparison between theory and measurements. Finally the main conclusions are summarized in Sec. V. 
II. DESCRIPTION OF THE MODEL
Our model is based on the combination of self-interstitials and BDs. The BD consists of a local rearrangement of bonds in the semiconductor lattice without any excess or deficit of atoms. 18, 19 It has been shown that when two Si self-interstitials interact to form a diinterstitial, a BD is generated between them, which lowers the formation energy with respect to the corresponding two individual interstitials. 20 A ball and stick model of the Si diinterstitial is shown in Fig. 1(a) . This result was obtained with MD simulations using the Tersoff 3 potential to describe silicon interactions. 21 However, the structure of the Si diinterstitial does not seem to depend on that particular interatomic potential, as it has been also predicted as a stable Si di-interstitial configuration by the Stillinger-Weber potential 22 and first-principle calculations.
23,24
By repeating the Si di-interstitial structure (interstitial-BD-interstitial), extended defects can be generated. In Fig. 1 (b) we show a defect generated by repeating the di-interstitial structure along the 110 direction. It can be described as two rows of interstitial atoms and one row of BDs in between. Analogously, additional BDs and Si interstitials can be added at both sides. This procedure generates planar defects as the one shown in Fig.   5 1(c). Interestingly enough, its habit plane is precisely the {311} plane. In a previous paper we demonstrated that these interstitial and BD chains form metastable structures in the Si lattice, which spontaneously transform into {311} defects when annealed at high temperatures.
16
These simulation results suggest a possible pathway for the formation of extended {311}
defects from simpler agglomerates. Following implantation and during annealing, selfinterstitials start to diffuse and interact to form small defect clusters. 25 Some of them are fast-diffusing species, such as the di-and tri-interstitial, as it has been demonstrated using ab initio techniques. 26 On the other hand, the compact tetra-interstitial structure is inmobile and fairly stable. 27 The compact tetra-interstitial structure appears to be the nucleation site for {001} planar defects. However, the case of {311} defects is not so clear, but our simulation results suggest that they can be formed when Si di-inerstitials accumulate along the 110 direction. In fact, it has been postulated that following implantation and/or during the ramping-up of the anneal most interstitial defects in Si are in the form of di-interstitials. 28 From TED experiments, it has been suspected that precursors of {311} defects might exist with binding energies intermediate between those of the di-interstitials and of extended defects. 29 These precursors could be the metastable di-interstitial 110 chains of our model.
III. EXPERIMENTAL
Experimental sample material was prepared by implanting 1×10 [100], respectively. Electron energy loss spectroscopy was used to determine a specimen thickness of (25 ± 5) nm in the region of the {311} defect using the mean-free path of total inelastic scattering. 31 Figure 2 presents the HAADF STEM images of three extended {311} structures: (a) a stepped defect structure; (b) a v-shaped defect structure; (c) a v-shaped structure with a step. IV. RESULTS
A. MD simulations
In order to compare with the experimentally observed {311} structures, three different simulation cells were prepared: the first (C1) for the stepped defect, second (C2) for the v-shaped, and third (C3) for the defect that shows both a step and a bend. Starting from the perfect Si lattice, we introduced 10 BD rows and 12 interstitial rows in C1, 13 BD rows and 16 interstitial rows in C2, and 9 BD rows and 12 interstitial rows in C3, always following the extended defect geometries found in the experimental images. The specific features of each simulation cell are summarized in Table I . These three cells were annealed using a classical MD simulation scheme. 32 We applied periodic boundary conditions along the X and Z axes, We used the Tersoff 3 potential to describe Si atomic interactions. 21 This potential has been shown to give a good description of both point defects and Si structures different from the lowest energy tetrahedral diamond lattice. [33] [34] [35] [36] We have carried out annealing simulations at a temperature of 1400 K. Taking into account that Tersoff 3 predicts a crystal
Si melting temperature of 2400 K, 37 a Tersoff 3 temperature of 1400 K would be equivalent to a real temperature of around 700
• C, of the order of temperatures typically used in Si anneal experiments. 3 Besides, high temperatures imply faster dynamics that allow obtaining meaningful results in a reduced amount of simulation time.
During annealing, and due to the structural transformation, energy is freed in the form of latent heat. If no special care is taken to eliminate such excess heat (that in real silicon would dissipate through the lattice), it remains within the MD cell due to periodic boundary conditions. To avoid such an artificial temperature increase, atom velocities were re-scaled every 1000 time-steps to maintain a constant temperature in the cell. We have used the fourth order Gear predictor-corrector algorithm to integrate equations of motion. is easy to identify the very well known E, I and O units. Apart from them, it is also possible to identify the structural units that build steps and bends. Final defect in C1 shows a step (see Fig. 3(c) ) which consists on two five-member rings and two seven-member rings. We will refer to this particular atomic arrangement as an S unit. The final defect in C3 also shows a step (see Fig. 5(c) ), but the arrangement of five-and seven-member rings in that step, which we will refer to as an S' unit, is different with respect to the S unit. Defects in C2 and C3 show a bend (Figures 4(c) and 5(c)), whose particular atomic arrangement is the same in both cases, consisting in three seven-member rings, three six-member rings typical of a hexagonal lattice, and three five-member rings. We will refer to this structure as a V unit. The S and V units were already considered in the tight-binding calculations of Kim et al. and Alippi and Colombo. 13, 14 However, and as far as we know, the S' unit has not yet been reported. Following the notation usually employed to describe {311} extended defects, the structure of defects found after annealing of C1, C2 and C3 are EIIOIISIIE, EIVIOIIIOIIE and EIS'IIOIVIE, respectively.
In Fig. 6 we present simplified schematics of the transformations from the interstitials and BD rows to the final {311} defect structures. During the MD annealing simulations, interstitial atoms move along the defect and reorganize their positions following the arrows indicated in Fig. 6(b) . Interstitial atoms reorganize further trying to find the local potential energy minima, as shown in Fig. 6(c) . Isolated BD rows remain at the left side of the C1 defect and at both sides of C2 defect. These isolated BD rows later recombine and perfect lattice is recovered at the defect sides. This produces the narrowing of the extended defects in C1 and C2 with respect to the initial configuration of BD and interstitial rows. The same result was observed in previous simulations involving planar {311} defects. 16 Our atomistic model predicts a 50% ratio between I and O units, but in fact the defect width shrinks during the transformation to a final higher ratio between I and O units. This is in fair agreement with experiments, where a ratio of 62% has been found in wide {311} defects. Structural variations of the different five-, six-, seven-and eight-member rings along the defects were of particular interest. We compared the side lengths, inner angle magnitudes and overall shape of the different ring structures along the length of the three defects (examples of this type of data comparison can be found in Ref. 17) . Subtle structural variations in the five-and seven-member rings were observed along the length of the defects for all three defects, for example different aspect ratios or distortions. These variations were observed 
V. CONCLUSIONS
We have developed an atomistic model able to describe the structural features of extended {311} defects in silicon. The model is based on the alternate combination of interstitial and bond defect chains. Using molecular dynamics simulations, we have demonstrated that the interstitial and bond defect chains spontaneously transform into extended {311} defects.
Since the combination of these chains is an extension of the Si di-interstitial structure in 110 and 311 directions, the model presents a pathway for the formation of extended {311} defects from simpler point defects. The model is able to reproduce both planar defects and those that show steps and bends. In fact, from the simulations we have identified a particular atomic arrangement in a {311} defect step not previously reported.
We have been able to acheive experimental sub-ångstrom precision using unprocessed HAADF STEM images in order to compare our simulation results with experimental {311} defect structures that show steps, bends and both. We have found very good agreement between calculated and experimental atomic positions, of the order of the average uncertainty in the experimental measurements. The model is also able to correctly predict the variation in the shape of five-, six-, seven-and eight-member rings along the {311} defects, as well as the defect width shrinkage acounting for a more than 50% ratio between I and O units.
